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I. INTRODUCTION

The diagnostics available to obtain measurements on the conductivity

channel which forms around a relativistic electron beam presently only give

indirect observation (e.g., the magnetic dipole decay time). A useful

diagnostic would give you a direct measure of the conductivity and also a

temporal variation of the conductivity. The experiments discussed in this

report deal with developing such a diagnostic.

The completed work is based on experiments as shown in Ref. 1. A two

coil RF-probe was used which allowed operation at frequencies near 50 MHz.

This development considers a uniform conductivity profile, and the work was

extended to include a conductivity profile which had a small radial variation

over the diareter of the two coil RF-pobe.

The work included using collecting Langmuir probes as a standard against

which the results of the two coil RF-probe were compared. The use of Langmuir

probes in the plasmas produced by the high power discharges was not as

straightforward as had been anticipated.

.This report begins with a discussion of the theory involved in collecting

Langmuir probes and the results of the theory. The third section describes

the devices and diagnostics used in these experiments. Some typical raw data

are presented in Section IV. The method in which the theory is used to ana-

lyze the raw data is discussed in Section V. The results are shown in Section

VI, and the conclusions are presented in Section VII.

1. Mikoshiba, S. and Stay, P. R., Rev. Sci. Instrum., 40, 1187 (1969).
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II. THEORY

The section presents the theory to be used in analyzing the data shown

in Section IV. Four areas will be discussed: first, the single Langmuir

probe; second the double Langmuir probe; third, the conductivity measured by

the single and double Langmuir probes; and fourth, the two coil RF-probe.

1. SINGLE PROBES

The single probe allows the current to be collected and measured by a

probe of area A, as a function of applied voltage. This voltage is applied

between the probe and a large reference electrode, typically the defined

ground of the system. The current collected by the probe is a sum of all

the currents due to the different species of the plasma. For the devices

discussed here there are two species of electrons: (a) the Maxwellian plasma,

and (b) the super-thermal electrons produced by the machine discharge. There

is an ion con-tribution to the current, which is usually much smaller than

either electron species component, typically observed when the probe is biased

negatively.

Reference 2 discusses a Langmuir characteristic (I-V curve) which shows

the effects of two electron distributions of different te.mperature (Te). This

discussion leads to a semiempirical equation describing a Langmuir charac-

teristic for a planar probe of area (A) and voltages (V) less than the local

space potential (0p). The equation is not valid for voltages greater than the

space potential because the probe area becomes a function of voltage as the

Debye length increases. The equation is:

V

I = A + B x V + Cx e (1)
Te

where A shows the ion contribution, B the contribution due to the superthermal

electrons, and C the Maxwellian plasma contribution. The factor C is an

unknown only because the plasma saturation current Ipe is not known initially.

The C can be explicitly written:

2. Chen, F. Plasma Diagnostic Techniques ed. by R. H. Huddlestone and S. L.
Leonard, Academic Press (1965).
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C = Ipe Xe (2)
Te

This discussion allows the various plasma parameters to be determined: density

in cm-3 , p in volts (V), and Te in electron-volts (eV).

There is a basic relation from statistical mechanics between the plasma

saturation current Ipe, plasma density n, plasma electron temperature Te, and

prooe area A which is:

Ipe = e <nv> A (3)

The quantity <nv> is the averaged flux density for the specific species,

in this case the plasma electrons. The average flux density for a single

probe has been shown to be (Ref. 2):

n x Vth
<nv> i f(2 w) (4)

where vth is the electron thermal velocity in cm/s (Ref. 3).

Inserting Equation 4 into Equation 3 and solving for the density as a

function of Ipe and Te we find:

Ipen =6 (5)

where 6 = 5.8 x 108 when a 1/4 in diameter disc probe is used to measure the

current, and Ipe in mA and Te in eV.

The discussion of the conductivity calculation from Langinuir probe data

will be deferred until the double Langmuir probes are discussed.

3. Naval Research Laboratory Plasma Formulary 1980.

3
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2. DOUBLE PROBES

Double collecting Langmuir probes are typically used in plasmas without a

large reference electrode. However, double probes have an interesting feature

in that they remain at the plasma floating potential. This feature makes

double probes useful in high potential discharges. The single probe must be

swept in voltage through the local space potential, however, the double probe

never needs knowledge of the local space potential and in fact is unable to

determine the local space potential. Refer to References 2 and 4 for a more

complete discussion of the operation of double probes.

By keeping the double probe at the floating potential, the current

collected by one side of the double probe is limited to the ion saturation

current. The current drawn as a function of the relative bias V across the

two electrodes can be written (Ref. 2):

/eV (6I = Ipi tanh (6)

If there are large background signals Equation 6 can be empirically

modified to account for such signals, but this will be discussed when we show

the analysis of the data.

Then write an equivalent expression to Equations 3 and 4 for double

probes:

Ipi =e <nv> At (7)

where:

1
<nv> n s  (8)

2

The new quantities are: Ipi the ion saturation current, At the total double

probe collecting area, cs the ion acoustic velocity (Ref. 3) and the factor

1/2 is the Bohm diffusion coefficient. Solving Equation 7 for the density we

find:

4. Schott, Plasma Diagnostics ed. by W. Lochte-Holtgraven North Holland Pub.

Co. (1968).

4
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2 Ipi n = (9)
e c s At

We now have the plasma ion density, and by requiring quasi-neutrality to infer

the electron density, the plasma electron conductivity can be calculated.

3. CONDUCTIVITY

The conductivity calculation described in this section applies to both the

single and double Langmuir probes discussed previously. The conductivity

shown in Krall and Trivelpiece (Ref. 5) is:

=4 - vc (10)

where wpe is the plasma electron frequency, and vc is the total momentum

transfer frequency of the electrons. The momentum transfer rate includes all

collisions with ions, neutrals, and any electric or magnetic field fluc-

tuations. The expression for vc is:

= Vei + yen + - (fields) (11)

where (Ref. 6)

vei = 4 x 10- n (12)Te 3/2 (2

yen = 5.5 x 108 PO (Te)3/2 (13)

with n and Te defined above and po is the neutral gas pressure in torr.

In vc the electron-neutral collision term is the dominant momentum loss

process in these low fractional ionization plasmas. This term is of the order

5. Principles of Plasma Physics by N. A. Krall and A. W. Trivelpiece

McGraw-Hill Book Company (1973).

6. Milloy, H. B., Crompton, R. W., Reese, J. A., and Robertson, A. G., Aust.
J. Phys. 3n,61 (1977).

5
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of hundreds of megahertz or tens of nanoseconds time scale. The electron-ion

term is an order of magnitude lower in frequency than the electron-neutral

loss term and provides only a small part to vc. The field fluctuation term is

comparable in frequency to the RC time of the capacitors which for these

experiments is typically tens of microseconds time scale which is steady state

compared to the other loss frequencies. Therefore, we neglect the field fluc-

tuation term in vc .

Substituting Equations 11 through 13 into Equation 10 only parameters com-

puted from the respective characteristic are input. The probe dependent quan-

tities like probe area, bias, or current are not used. These equations are

left until they are required in the analysis of the data.

4. TWO COIL RF-PROBE

The development shown in Ref. I for the two coil RF-probe is based on the

conductivity being a constant out to a radius a. The theory has been extended

to include a slow radial decay out to radius a which is almost equal to the

coil radius b. This extension will be supported by the conductivity profiles

presented later.

The development of the induced voltage signals is well documented (Ref. 1)

and will only be summarized here. The starting point is Maxwell's equations

with the displacement current term in Ampere's law. Ampere's and Faraday's

laws are simultaneously solved for the radial magnetic field. The result is

then plugged into Faraday's law for the Ee which in turn leads to an expres-

sion for the voltage induced on a search coil of radius b. This calculation

can also be completed for a conducting medium inserted inside the coils, this

voltage is defined as V while the induced voltage without the conductor is

called VO . The ratio of V to VO is a unique function of the frequency with

which you drive the field coil and also the conductivity of the medium in

which you are interested. The resulting equation for V to V0 is:

V Jo[b X/(m2 + k 2)] 0(4

- J1[b _(m+ (14)

where the function 0 depends on the product cf. Symbol 0 when expanded out

looks like:

6
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y A JlX + t B Jo(

Y C J1  + t D JOX 
(15)

where

A =Jlb YOa - JOa Ylb B = J1a Ylb - Jib Yla

C = JOb YOa - JOa YOb D = J1 a YOb - JOb Yla

with

JOa = JO[Ya] JOb = JO[y b ]

Jla = J 1[ya] Jlb = J1 [Yb]

YOa = YO[ya] YOb = YO[y b ]

Yla = Y1[y
a ]  Ylb = YI[yb]

JOX = Jo[ a] JIX = Jl[ a ] .•

y=/(m 2 +k 2 ) = /(M2  2  iX2 )

m = + io a>> for our work

k2 2 X2

The J and Y used in these equations are ordinary Bessel and Neumann func-

tions of real or complex argument. The m is the magnitude of the wave vector

for Hr to propagate in the z direction. The factor a shows how the radial

magnetic field is attenuated, which is found to be small. Symbol w is the

angular frequency of the magnetic field, u is the permeability, and e is the

permitivity of the conducting medium. The quantity X 2 shows the explicit

dependence of V/V0 on the conductivity.

7
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This set of equations allows a unique determination of V/V0 for a given

value of the product of. Then by knowing or selecting the frequency f there

is a unique relationship between the conductivity of the medium and the ratio

of the induced voltages on the search coils.

8
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III. EXPERIMENTAL APPARATUS

This section describes the hardware involved in this series of experi-

ments. The section is divided in two parts: first the devices and their

mode of operation will be presented, and second the diagnostics and the asso-

ciated circuitry will be descibed.

1. CHAIBERS

Plasmas were produced for study in three different machines: a coaxial

plasma gun (Ref. 4), a glow discharge chamber (Ref. 5), and a capacitor

discharged Z-pinch (Ref. 7). The coaxial plasma gun and the associated equip-

ment is shown schematically in Fig. 1. The capacitor bank for the discharge

was typically charged to 18 kV by a dc power supply. Initially the trigger

pulse for the capacitor discharge was used as a timing mark. This method

introduced a very long time delay before the plasma formed between the gun

electrodes. The problem was the most noticeable when the neutral gas was

puffed into the chamber via the puff valve rather than prefilling to a static

pressure Pp. The timing delay was a result of the flow velocity of the

neutral gas and the time required for the gas to breakdown. The jitter in the

plasma formation was avoided by using a fraction of the voltage signal from

the Rogowski coil (Ref. 4) monitoring the current flow in the gun electrodes.

The timing mark from the Rogowski coil gave a stable reference mark in time

with which the oscilloscopes could be triggered and record the voltage signals

from the probes.

Usually the gun was operated in the prefilled (snowplow) mode where the

chamber was prefilled with neutral gas to a static pressure. This mode pro-

vides what is called a dense plasma focus on the axis of the gun. This tends

to produce a more uniform plasma than when the gun is discharged in the puffed

mode.

The timing problems mentioned previously caused us to build a small glow

discharge chamber. This chamber produces the plasma by thermionically

emitting high energy (E >> Te) electrons, the superthermal electrons mentioned

in the theory section. These electrons have sufficient energy to ionize the

7. Len, L. K., PhD Dissertation 1983.

9



AFWL-TR-84-06

background neutral gas and produce the plasma ions and electrons. This

chamber is shown schematically in Fig. 2. Notice magnetic confinement on the

plasma was not used. The lack of magnetic fields caused the plasma density

and temperature to remain relatively low because the superthermal electrons,

and any electrons with several Te of energy are rapidly lost to the chamber

walls which are at ground potential.

The low density, which in turn means a low plasma conductivity, caused a

Z-pinch discharge to be considered in which the density would be a good frac-

tion of what was obtained in the plasma gun. This Z-pinch (Fig. 3) could be

operated at much lower capacitor discharge voltages, and the switching and

timing would be less of a problem. The Z-pinch was typically operated at 5 kV

on six 0.25 Uf capacitors in parallel. The timing was typically less than a

microsecond in variation. The machine provided some important data on the

ability of the diagnostics to operate in a pulsed plasma environment.

2. DIAGNOSTICS

Two different types of diagnostics were used in the devices discussed in

paragraph 1. They were: (a) collecting Langmuir probes, and (b) two coil

RF-probe. The Langmuir probes were used to determine the plasma density and

electron temperature. The single Langmuir prooe was also used to try mea-

suring the local space potential. The double probe was used as a means of

getting around the high space potentials associated with capacitor discharges.

The circuitry used with the collecting Langmuir probes are shown in Figs. 4a

and b. The output signal of the circuits was traced on an oscilloscope and

recorded on photographs. The Langmuir probes were made of 5 mil tungsten

wire. The probes were inserted into the vacuum in stainless steel support

rods, the tungsten was insulated from the stainless by ceramic tubing.

A block diagram for the conductivity probe experiments is shown in Fig. 5.

The probe was made of RG-58 coaxial cable mounted on a PVC pipe. The pipe was

then bolted directly onto the outer electrode of the plasma gun. The probe

was mounted midway between the two electrodes in the capacitor discharge

chamber. The conductivity was not large enough in the glow discharge chamber

to use the RF-coil probe.

10
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IV. DATA

The raw data monitored are voltages from the different probes. The

voltages from the Langmuir probes are from calibrated current transformers.

The voltages from the two coil RF-probe are the output of the oscillator and

the differenced signal from the two field coils.

1. LANGMUIR PROBES

The data from the single Langmuir probe were recorded as two traces:

(a) the current collected as a function of time, and (b) the voltage applied

to the probe as a function of time by a Patco pulser. The pulser is designed

to output a 300 V pulse in 10 ns and decay back to 0 V in 400 ns (Fig. 6).

The output of the pulser was monitored with the current transformer on the low

voltage side of the resistor in Fig. 4a. The current drawn by the probe for

the bias at a given time is monitored by the current transformer on the high

voltage side. Typical voltage signals from these transformers are shown in

Figs. 7a and b.

The data analyzed in the next section came from the decaying voltage part

of the pulse. The falling end was used to achieve better time resolution for

the Langmuir characteristic.

The data for the double Langmuir probe are again voltage signals from

current transformers (Fig. 8). The double probe is set with a fixed bias for

a given Shot. A series of shots was taken to gather sufficient data for a

double probe characteristic.

2. TWO COIL RF-PROBE

A sample data photograph is shown in Fig. 9a. The figure shows two

traces: (a) the upper trace is a double exposure of the oscillator output

to insure that the discharge does not change the signal amplitude and cause

the calculated conductivity to be wrong, and (b) the lower trace is a double

exposure of the search coil signal both before and during the shot. The

larger amplitude envelope shows the VO, and the smaller amplitude envelope

shows the V.

The oscillator output was monitored because the plasma discharge was

observed to perturb the output. The perturbation was found to occur with the

11
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same period as the RC time of the capacitors being used. Since the RC tirie
was a much lower frequency than the coils were being driven, a high pass

filter was inserted for signals going from the field coil to the oscillator

(Fig. 5).

These referenced data were taken with the oscillator at 25 MHz. The

inability to use the two coil RF-probe at frequencies greater than 50 MHz was

discussed in Ref 1. Their measurements were repeated to see if the coils

could be driven at frequencies greater than 100 MHz. The data recorded are

shown in Fig. 10. The data show that for the cases in which the differenced

coils or the coils separately were used the coils still could not be driven

at frequencies greater than 50 MHz due to the electrostatic coupling between

the coils.

12
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V. ANALYSIS

This section will describe the reduction of raw data discussed in the

previous section. The discussion will center on the theory of Section II.

1. LANGMUIR PROBES

The raw data of the current and voltage for the single probe were digi-

tized and then the data were cross plotted to obtain the Langmuir charac-

teristic of a single probe (Fig. 11). Equation 1 was than fitted to the

characteristic. The subtraction of the ion and primary electron currents

from the total current is considered correct when the semilog plot of

remaining current versus the probe voltage is linear for voltages less than

the local space potential (Fig. 12). The voltage where the semilog plot is

discontinuous is defined as the local space potential or plasma potential.

The value of the current at the plasma potential is, by definition, the plasma

saturation current. The linear semilog plot of current versus voltage has a

slope which equals the plasma electron temperature in electron-volts.

Now that the plasma saturation current and electron temperature have been

measured Equation 5 can be used to compute the plasma electron density.

However, the single probe could not be driven high enough in voltage to

measure the plasma saturation current; and the plasma potential could not be

measured. Notice that Fig. 11 shows the beginning of the Maxwellian plasma,

but the probe is not driven into electron saturation.

The double Langmuir probe was easier to drive into ion saturation and

produce the double Langmuir probe characteristic. A series of shots were

taken from a given device where the only parameter varied was the bias across
the probe wires. For this group of shots the peak value of the current was

measured and the current and voltage from a given shot was plotted to generate

an experimental double probe characteristic (the dots in Fig. 13). It was

observed that the data looked like a hyperbolic tangent function, with the

exception that the data did not pass through the origin. Equation 6 was then

modi flied

te(V- )
I= I 0 + Ipi tanh ( Te

13
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Where I0 and V0 are offset values to compensate for noise perturbations. The

noise perturbations were noticed first in the Z-pinch chamber when the poten-

tial across the double probe was kept equal to zero and rotated the double

probe about a radius orthogonal to the z axis. The signals showed that the

background noise was not a small part of the plasma currents (Fig. 14).

Equation 6 was then inverted to obtain the electron temperature, Te for

each data point. The effective temperatures were then averaged to obtain a

temperature for the set of data. Equation 6 was then graphed over the data

points to check for agreement and used the semitheoretical line to obtain the

ion density from Equation 9 (line in Fig. 13).

The computed density and temperature from the double probe was used to

obtain a local plasma conductivity. The numbers could then be compared

between the RF-coils and double probe to check the validity of the methods.

2. COILS

The analysis of RF-coils V/V0 for the conductivity involved numerically

evaluating Equation 14. The independent parameters are the frequency and

conductivity of the plasma. In evaluating Equation 14 a graph was generated

(Fig. 15) which was used to determine the conductivity.

At a given time V/V0 from Fig. 9 is measured, and then go to the graph of

V/V0 and find the product of af, then by knowing the frequency with which

the coils are driven the conductivity can be computed. Recall that the

oscillator output is monitored during the discharge. This is done so that

the V0 may be adjusted by the proper factor in the event that the plasma loads

down the oscillator output and reduces the received signal.

14
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VI. RESULTS

The analyzed data from the different diagnostics will be discussed. The

first item is the radial density profile assumed in using Equation 14 for

the conductivity probe. It was found, by using the double Langmuir probe,

that the radial density profile of the plasma gun has an e-folding radius on

the order of 5 to 6 cm (Fig. 16). The assumption made earlier, then in using

the development by Mikoshiba and Smy for a uniform conductivity distribution,

seems to agree with the computed conductivity profile in Fig. 17. The local

e-folding length for the conductivity is roughly 4 to 5 cm.

The different numerical values for the conductivity found from the two

probes is not as poor as anticipated. Better than a factor of 2 agreement is

found between the probes. The peak conductivity in the plasma gun is found

with the Langmuir probe at a radius of 1 cm is 260 mhos/m, and the peak con-

ductivity is found for the plasma with the two coil probe at 450 mhos/m (Fig.

18). The disagreement may be due to the use of a uniform conductivity model

when there is a slow radial decay, or it may be due to the noise perturbations

that caused us to use the modified equation to describe the current collected

by the double probe. There is one other possible error, and that is the

effect of small differences in the areas of the double Langmuir probe. We

tend to discount this possibility because the probes are only millimeters in

length, but they are definitely not identical.

The principle result being that both the collecting Langmuir (used as a

standard) and the RF-coil probe give good agreement on the measured plasma

conductivity.

15
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VII. CONCLIJSION

The results presented in the previous section show that the two coil

RF-probe can be used in the intense environment of high power discharges. The

usefulness of the RF-probe in diagnosing the conductivity channel surrounding

relativistic electron beams may require some modification of the probe

geometry. There will definitely have to be some kind of isolation of the

probe from the driving oscillator and also between the receiver coils and the

data recording devices.

The model used to determine the conductivity may need to be changed.

For example, the annular conductivity distribution discussed in Ref. 1 may

be more appropriate. That question will need to be addressed by the people

doing the experiment.

I-

16
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Figure 1. Block diagram of coaxial plasma gun.
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Figure 4a. Schematic of swept single Langmuir probe bias circuit.
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Figure 4b. Schematic of dc-biased double Langmuir probe circuit.
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Figure 5. Block diagram of two coil RF-probe diagnostic.
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Figure 6. Sample output of Patco pulser used in
single Langmuir probe circuit.
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Figure 7a. Sample output from current transformer on low side
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Figure 7b. Sample output from current transformer on high

side of 100 Q resistor in Fig. 4a.
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Figure 8. Sample data trace of circuit in Fig. 4b.
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Figure 9b. Double exposure of the differenced search
coils showing V0 and V.
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Figure 11. Crossplot of data from Fig. 7a and b.
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Figure 12. Theoretical plot of in (I) versus V when the ion
and non-Maxwellian electrons have been properly
removed from a single Langmuir probe trace.

28



AFWL-TR-84-06

(*E 3) MILLI-AMPS
3.0

2.8

2.6

2.4

2.2

2.0a

1.8

-40 -29 -17 -6 6 17 29 40
V (*E 0) VOLTS

Figure 13. Sample double Langmuir probe trace showing both
data (points) and theoretical fit of data (line).
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Figure 15. Theoretical plot showing V/V 0 versus crf.
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